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Abstract 
The goal of this work was to determine the applicability of slow-acting fertilizers in optimization of the effectiveness of celeriac 
production under conditions of integrated plant production.  The goal was realized by performing a strict experiment. Celeriac 
(Diamant cultivar) was the test plant. A controlled-release fertilizer was used for fertilization; its NPK composition (%) was 18-
05-10+4CaO+2MgO. Moreover, conventional fertilizers of ammonium nitrate, granular triple superphosphate and potassium salt 
were used. Based on the results of the conducted experiments, indices that reflect the efficiency of nitrogen fertilization (agronomic 
effectiveness, productivity coefficient, and physiological effectiveness) were calculated. The yield of plants in the control treatment 
amounted to 32.1 Mg ∙ ha-1. The highest yield (49.73 Mg ∙ ha-1) was obtained in the treatment with the addition of 400 kg of the 
slow-acting fertilizer and full doses of phosphorus and potassium. The most optimal values of the indices of fertilization 
effectiveness were obtained in the treatments where 400 and 500 kg ∙ ha-1 of the slow-acting fertilizer had been added. Calculated 
indices of fertilization efficiency indicate that, in relation to integrated methods of production with the use of conventional 
fertilizers, fertilization optimization with the use of slow-acting fertilizers may improve fertilization efficiency.  
© 2015 The Authors. Published by Elsevier B.V. 
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1. Introduction 
Plant production in the integrated system forces producers to use techniques which will help to reduce the use of 
production means and at the same time maintain high productivity and obtain good quality yield. Taking 
environmental and health aspects into account in plant production, particularly in production of vegetables, requires 
usage of precise techniques connected with plant protection and fertilization. Results of numerous scientific research 
studies point to the unambiguous positive effect of implementation of integrated plant protection on the quality of 
products and on the reduction of the negative impact of farming on the environment (Danis et al., 2011; Shahpoury et 
al., 2013). Plant fertilization is associated with introducing to the soil ecosystem considerable amounts of components 
that can create disequilibrium in this ecosystem. Among the negative aspects of fertilization, the most commonly 
named are: soil acidification, disturbance of equilibrium between elements available for plants, or decreasing amount 
of organic matter. Fertilizer components introduced into soil and unused by plants can disperse in the environment, 
which leads to an increase in emission of greenhouse gases or intensification of water eutrophication processes 
(Oenema et al., 2009; He et al., 2011; Wu et al. 2015, Ma et al. 2015).  Therefore, increasing the fertilization 
effectiveness has strategic importance in limiting the impact of farming on the natural environment. A strategic 
element of the integrated production system is to use the smallest amounts of pesticides; but these amounts must 
ensure crop protection at the threshold of production harmfulness. In the first instance, biological and agricultural 
engineering methods should be used in order to protect crops (Directive, 2009). Using the knowledge on the widely 
understood biological protection of crops with the use of agricultural engineering methods or methods associated with 
formation of specific biocenoses of natural enemies of pests, one can obtain production results as in the case of 
conventional protection (Perdikis et al., 2011; Tuomisto 2012). The most important problem connected with 
implementation of integrated production is that producers have too little knowledge on alternative ways to fight pests 
and on the possibility to increase the fertilization effectiveness by changing the range of fertilizer products and by 
optimizing the technology of fertilizer application (Morris and Winter, 1999; Mucheru-Muna, 2010). Fertilization 
plays key role in plant production because it influences the yield quantity and quality. It also modifies physical, 
biological, and physicochemical properties of soil, affects the quality of surface waters, underground waters, and of 
atmosphere. From the producer’s point of view, fertilization is an important factor that shapes production costs (Pypers 
et al., 2011). Due to insufficient knowledge on physiological and climatic aspects of plant nutrition, producers are 
reluctant to use modern fertilization technologies, fearing that their yields might decrease (Deike et al., 2008).  A 
rational policy on supplies of plant nutrients is very difficult due to the fact that the nutrient uptake by plants and 
processes of nutrient dispersion in individual parts of the environment are associated with the type of cultivation, 
climate, and also with the widely understood agricultural engineering. However, a number of researchers of this 
problem point to the possibility of improving the utilization of fertilizer components by several percent, even by 
making small changes to fertilization technology (Oenema et al., 2009; He et al., 2011; Jin et al., 2012).   That is why 
it is important to conduct studies concerned with creation of technologies that use the latest scientific achievements 
and their implementation into agricultural practice (Li, 2011).  Carlsson et al. (2007) draw attention to the necessity 
to organize campaigns encouraging the farmers to use production technologies that reduce the negative effects on the 
environment. These authors draw attention to the economic advantages of reducing the use of mineral fertilizers and 
to the fact that producers start to feel that their actions protect the environment. Shaping awareness among consumers 
who more and more often reach for products with the logo of integrated production is the reason why this system is 
gaining more and more trust among consumers.  
The goal of the carried out research was to determine the applicability of slow-acting fertilizers in optimization of 
the effectiveness of celeriac production under conditions of integrated production. The efficiency of nitrogen 
fertilization was evaluated based on indices of fertilization efficiency such as: agronomic effectiveness, physiological 
effectiveness, and productivity coefficient (IFA. 2007).  
2. Objective, data and methodology 
The experiment was set up on soil with the granulometric composition of medium loam. Pickling cucumbers were 
the forecrop for the studied crops. In autumn 2011, organic fertilization (mixed manure) in the amount of 35 Mg · ha -
1 was applied. Mineral fertilizers in full dose (which is characteristic for intensive cultivations) were used in the 
cucumber cultivation. Celeriac (Apiumgraveolens var. rapaceum) of Diamant F1 cultivar was the test plant. The 
experiment was set up on 2 May 2012. The plants were harvested on 29 October 2012. The plants were cultivated at 
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50 × 30 cm spacing, from seedlings prepared in multi-cell trays (VEFI system). Varied fertilization was the factor of 
the experiment. Cultivation and protection of the plants were carried out based on the methodology of integrated 
production. Owing to the fact that the Main Inspectorate of Plant Health and Seed Inspection had not developed the 
methodology of integrated production of celeriac, the system of production was elaborated basing on framework 
principles for integrated plant production. Celeriac is a plant with great nutritional, soil and water requirements. 
Therefore, the experiment was located on a soil with properties meeting the requirements of this plant, and the crops 
were irrigated up to the optimum moisture content in order to eliminate the impact of water stress on the result of the 
experiment. Prior to setting up the experiment, analyses of physicochemical and chemical properties of the soil on 
which the experiment was set up had been conducted (Tab. 1). The following were used in the experiment: a controlled 
release fertilizer (with NPK composition (%) of 18-05-10+4CaO+2MgO), ammonium nitrate, triple superphosphate, 
and potassium salt 60%. The experiment comprised 9 levels of fertilization based on the principles of integrated plant 
production, the control treatment without fertilization, and the treatment fertilized in the conventional manner in an 
intensive cultivation of celeriac in the region where the research was being carried out. The controlled release fertilizer 
was applied pointwise under each plant during planting. Phosphatic and potassium fertilizers were applied in their 
entirety prior to sowing, whereas ammonium nitrate was divided into 3 doses: 50% of the dose was applied prior to 
planting and 40% after planting with splitting into two topdressing doses. The date for topdressing was selected based 
on the observations of meteorological conditions and monitoring of the condition of the plants. The first topdressing 
dose was applied in the 2nd half of June, whereas the second dose in mid-August. The scheme of the experiment is 
presented in Table 2. The value of the studied parameters compared between themselves with the use of Tukey’s test. 
The difference between value of the parameters  was evaluated at a significance level of p=0.01. 
 
Table 1. Selected properties of the soil used for experiments 
pH in H2O pH inKCl 
[%] [mg ∙ kg-1] 
N tot.  C org. N min. P K Mg Ca 
7.01 6.65 0.324 4.69 347 147.8 478.5 212.5 1240 
 
Table 2. Experiment design 
Object 
number 
Fertilizer quantity Component dose 
Slow acting fertilizer 
NPKCaMg 
(18-05-10-4-2) 
Ammonium 
nitrate 
Triple superphosphate Potassium salt N P2O5 K2O 
[kg · ha-1] [kg · ha-1] 
Control 0 - - - - - - 
1 200 - 87 163 36 50 120 
2 400 - 65 122 72 50 120 
3 500 - 54 108 90 50 120 
4 600 - 43 90 108 50 120 
5 800 - 21 53 144 50 120 
6 200 218 87 163 130 50 120 
7 300 165 76 145 130 50 120 
8 400 112 65 127 130 50 120 
9 - 441 244 325 150 112 195 
10 - 588 326 433 200 150 260 
 
3. Results 
The size of agricultural production is influenced at various degrees by soil properties, availability of water in 
individual vegetation periods, and by shaping of weather conditions (Nendel, 2009; Sun et al., 2012). Proper approach 
to agricultural production should be to take the decision on fertilization, plant protection or agricultural engineering 
based on the results of plantation monitoring. It is difficult to work out and unify the principles of integrated production 
due to the variability of soil conditions in space, different climatic conditions in individual years. Since the 
effectiveness of the widely understood agricultural engineering depends greatly on temperature and water availability, 
cultivation technologies should be developed. These technologies should be based on a comprehensive analysis of 
atmospheric and soil conditions, but they should not require the use of costly equipment or specialistic knowledge. In 
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the integrated plant cultivation all doses of organic and mineral fertilizers are established based on nutrient 
requirements of plants, the expected yield, soil type, soil richness in nutrients, and on the position in crop rotation. 
Special attention should be drawn to the use of organic fertilizers as the basic source of humus and nutrients for plants 
(Oenen, 2009).  
 
  
Fig. 1. The yield of celeriac in the successive objects of experiment Fig. 2. The values of partial factor productivity in the successive 
variants of fertilization 
 
Root yield in the control treatment in the conducted experiment was at the level of 32.14 Mg ∙ ha-1 (Fig. 1). Due to 
the organic fertilization applied in the previous autumn and substantial soil richness in nutrients, no strong reaction of 
the plants on the applied fertilization was observed. Fertilization with 200 kg of the slow-acting fertilizer and with full 
doses of phosphorus and potassium increased yielding by more than 5 Mg. The highest root fresh matter yield (49.72 
Mg ∙ ha-1) was obtained in the variant of fertilization that combined fertilization with conventional and slow-acting 
fertilizers, all in compliance with the principles of integrated production. Increasing the dose of the slow-acting 
fertilizer (applied under the root) to certain extent caused an increase in plant yielding. A positive yield-forming effect 
was observed in the treatments where 200 and 400 kg of the slow-acting fertilizer was applied under plant roots. 
Further increasing the fertilizer dose resulted in decreasing the level of plant yielding. Partial factor productivity 
determines the size of yield obtained after application of 1 kg fertilizer component. It is the simplest indicator of 
production effectiveness, but does not cover the issue of ecological aspects of agricultural production(Aulakh et al., 
2012). Values of this parameter in the authors’ own research ranged between 146 kg ∙ kg-1 roots and 1049 kg ∙ kg-1 
roots (Fig. 2). In terms of dry matter, these values are between 19.35 and 151.76 kg ∙ kg-1 roots. The lowest value of 
this parameter was found in the treatments with the largest nitrogen dose, both in the case of using slow-acting 
fertilizers and conventional ones. The highest value of the partial factor productivity was observed when the smallest 
dose of the slow-acting fertilizer was applied. Increasing the slow-acting fertilizer doses successively decreased the 
value of this parameter. Increasing the nitrogen dose in the form of slow-acting fertilizers did not influence the 
proportional increase of biomass production. In the case of combined fertilization, smaller differences were observed. 
Niemiec(2014) obtained similar results after application of slow-acting fertilizers in cultivation of Chinese cabbage. 
This author determined that the value of the partial factor productivity in cultivation of Chinese cabbage ranged 
between 650 and 1825 kg ∙ kg-1.  Dua et al., (2011) give values of this parameter in potato production between 111 
and 428 kg ∙ kg-1, whereas Larena et al. (2011) – approximately 200 kg ∙ kg-1. These authors draw attention to a 
significant relationship between the level of fertilization of environmental factors and the value of the productivity 
coefficient.  Cassman et al., (2002) point to a significant relationship between the amount of applied nitrogen 
fertilization and the value of the productivity coefficient. In systems with low fertilization the value of this coefficient 
is usually high. It is not, however, indicative of great efficiency of the fertilization. When assessing the productivity 
coefficient you must always take into account the production capacities of a cultivated plant in specific soil and 
climatic conditions. According to data provided by (IFA, 2007), the mean value of this parameter in conventional 
agriculture fluctuates from 40 to 80 kg ∙ kg-1 in terms of dry matter. Values above 60 can be found in well managed 
systems, at a low nitrogen content in soil. In the authors' own research, the value of the partial factor productivity in 
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treatments fertilized in the conventional system amounted to approximately 50 kg ∙ kg-1. The best production effect 
under conditions of the experiment was reached at a dose of the slow-acting fertilizer in the amount of 400 kg and at 
full doses of phosphorus and potassium. 
 
  
Fig. 3. The values of physiological efficiency in the successive 
variants of fertilization 
Fig. 4. The values of agronomic efficiency in the successive variants 
of fertilization 
 
The physiological efficiency index tells us about the increase in agricultural production per kg of component taken 
up by plants as a result of the applied fertilization. The value of this index is equivalently influenced by the effect on 
the production potential of plants in certain conditions and by the widely understood agricultural engineering whose 
main element is fertilization. Therefore, it is an index which allows comprehensive assessment of the agricultural 
system (Cassman et al., 2002). Low values of the physiological efficiency index suggest occurrence of a stressor for 
plants. The physiological efficiency index ranged between 19.89 and 26.01 in the other variants of the experiment 
(Fig. 3). Its highest value was obtained in the variant with the addition of 400 kg. Its lowest value was found in the 
treatment fertilized conventionally with the maximum dose. Environmental conditions in all variants of the experiment 
were identical, that is why the obtained differences resulted from the differences in fertilization in individual 
treatments. Due to the limited yielding of plants, the studied parameter assumed a negative value in two treatments 
with the largest dose of fertilizers. In well managed systems with good conditions for plant growth and development, 
the value of this parameter is more than 50 kg · ha-1(IFA, 2007). 
Index of agronomical efficiency determines the increase in plant yield when using 1 kg of nitrogen fertilizer. It is 
the most reliable index that determines the efficiency of agricultural systems. Specialization in cultivation of plants 
with greater production potential connected with implementation of precise fertilization and irrigation technologies 
usually lead to an increase in the value of this parameter (Cui et al., 2008). In general, when using cultivars with 
greater production potential without applying precise fertilization technologies, one can observe deterioration of the 
value of the index of agronomical efficiency(Cassman et al., 2002 ). The value of this parameter in cereal production 
in poorly developed agriculture is from 10 to 30 kg ∙ kg-1 (Dobermann, 2007). Xu et al. (2014) give the value of the 
index of agronomical efficiency at a level of 11.4 kg ∙ kg-1. The value of the index of agronomical efficiency in 
individual variants of the experiment ranged between -10.23 and 27.41 kg ∙ kg-1 in terms of dry matter yield from the 
celeriac roots (Fig. 4). In relation to the control treatment, a decrease in yield was observed in two variants with the 
highest dose of the slow-acting fertilizer. That is why the value of the parameter being discussed assumed negative 
values. The highest value of the index of agronomical efficiency was obtained in the variant where 400 kg · ha-1 of 
the slow-acting fertilizer was applied. Higher doses of the slow-acting fertilizer caused a decrease in plant yielding. 
In all probability, it was caused by caused an increase in soil salinity in the root zone. Niemiec (2014) obtained similar 
results in cultivation of Chinese cabbage, but reaction of that plant to the increase in the amount of fertilizer was not 
as violent as in the case of celeriac.  The value of the parameter being discussed under conditions of fertilization in 
the conventional system was approximately 12 kg ∙ kg-1. The best production results were obtained in treatments 
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fertilized both with slow-acting fertilizers as well as conventional ones. Values of agronomical efficiency at the 
application of 200 and 400 kg of slow-acting fertilizer and conventional fertilizers were approximately 19 kg ∙ kg-1. 
 The highest value of the index of agronomical efficiency was found at the application the smallest amounts of the 
slow-acting fertilizer. After application of 200 kg fertilizer, a high yield and very high indices of efficiency of the 
fertilization were obtained. It is a result of increasing the use of nutrients from soil reserves. In intensively fertilized 
soils, with high organic matter content, there is a high potential of nutrients absorbed in the sorption complex. 
Introduction of techniques that increase the use of nitrogen from soil reserves is the key factor that increases the 
economic efficiency of production and reduces the negative impact of production on the environment (Chuan et al., 
2013). Rational fertilization, particularly with nitrogen, should not increase the amount of this component in soil 
because after plant harvest a substantial part of nitrogen will disperse in the natural environment. The amount of 
nitrogen in soil after plant harvest should not exceed 30 kg · ha-1 (Helander et al., 2004).  If the content of assimilable 
nitrogen in soil after harvest is below 30 kg, the risk of washing out of this element deep into the soil profile or into 
surface waters is low. Soil that was used in the experiments had a very high content of mineral nitrogen. It is indicative 
of improper approach to the issue of fertilization with this component for at least several years. The obtained results 
point out to great potential for applications of modern fertilization techniques, but which should be preceded by an 
examination of a soil that will determine its richness. Application of slow-acting fertilizers under the root, even in 
small amounts, caused an increase in celeriac yielding. The lowest doses of the slow-acting fertilizer provided the best 
productive and environmental effects in the form of nitrogen from soil being used by plants. Under conditions of very 
high contents of nutrients in soils, it is justified to implement cultivation techniques that increase the uptake of 
nutrients from soil reserves. It will allow to improve the economics of production, reduce the negative impact of 
agriculture on the environment, and to keep soil in good agricultural culture. Application of slow-acting fertilizers 
gave positive outcomes in the form of increased yield and improved indices that reflect the effectiveness of production. 
However, at a dose of 600 kg of the slow-acting fertilizer a decrease in yielding of the plants was observed. In all 
probability, it is a result of increased soil salinity. The experiment was conducted under conditions of an irrigation 
system. In a system without irrigation, in a situation of prolonged periods with no rainfall, the effect of limiting the 
yielding of plants can be noticeable already at smaller fertilizer doses. Other authors draw attention to this problem 
(Delogu, 1998; Berenguer, 2009).  
4. Summary and conclusion 
1. Under conditions of the conducted experiment, a considerable effect of the applied fertilization on the obtained 
yield amount was determined. 
2. The most favourable productivity coefficient was reached when 400 kg of the slow-acting fertilizer was used. 
3.  The highest physiological effectiveness was determined when 500 kg · ha-1 of the slow-acting fertilizer was used. 
4. Taking into account both the yield amount and the values of coefficients of the nitrogen fertilization efficiency, 
the most beneficial variants are to fertilize with slow-acting fertilizers under the root and to fertilize with traditional 
fertilizers applied in a conventional way. 
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